Abstract-In this paper, we are concerned with cross-talk interference from the transmit to the receive antenna of a wireless channel-reuse-relay-station (CRRS) that forwards signals over the same channel as it receives signals. By estimating the coupling channel from the transmit to the receive antenna, the proposed scheme performs cross-talk reconstruction and cancellation at the RS. Different from the conventional coupling channel estimation schemes that require the RS to transmit dedicated pilots, the proposed scheme utilizes the random forwarded signals of the RS as pilots for coupling channel estimation, thus avoiding changing the structure of the RS's transmitted signal. For a general RS with any relay mechanism, we propose a least square coupling channel estimator; for an RS with the decode-andforward mechanism, we further propose a minimum meansquare error coupling channel estimator. Also, we investigate the performance of the proposed cross-talk cancellation scheme with both analytical and numerical results.
I. INTRODUCTION
In cellular communication systems, the quality of the received signal at a mobile station (MS) on the cell edge or in a severely shadowed region can not be guaranteed. To solve this problem, wireless relay techniques have been proposed. As a repeater, a relay station (RS) forwards data from the base station (BS) to the MS or vice versa. It has been demonstrated that wireless relay can effectively extend the coverage, decrease the overall transmit power, and enhance the capacity or reliability of the communication links [1] - [3] .
Conventionally, the RS receives data from the BS (or the MS) over one channel, and forwards them to the MS (or the BS) over the other channel. In this way, interference between the BS-RS and the RS-MS hops is avoided, which, however, halves the spectral efficiency since the communication between the BS and the RS consumes a part of the time or frequency resource allocated to the MS. Alternatively, the RS may forward signals to the destination over the same channel as it receives signals. An RS working in this mode is called a channel-reuse-relay-station (CRRS) in this paper. In Digital Video Broadcasting (DVB), on-channel repeaters [4] - [6] have been applied as in-band RS's to extend the signal coverage. These on-channel repeaters amplify and forward their received signals without any channel translation, i.e., the same channel is utilized over both the BS-repeater and the repeater-MS links. In contrast with the conventional RS, a CRRS not only doubles the spectral efficiency, but also avoids changing the existing physical layer and link layer to support relay mechanism. However, a critical issue involved in a CRRS is severe cochannel cross-talk interference from its transmit antenna to its receive antenna. Since the transmit power of an RS is dramatically greater than its received desired signal power, such cross-talk interference, if not cancelled properly, will keep the RS from receiving signals from the BS and the MS. To mitigate cross-talk interference at an RS, a high isolation between the transmit and the receive antennas is required. To that end, directional transmission and reception can be applied at the RS; furthermore, a shield may be put between the transmit and the receive antennas of the RS. Besides highisolation antennas, both analog and digital cancellers need to be implemented at the RS to further mitigate the cross-talk interference.
In this paper, we focus on developing digital cross-talk cancellation techniques for a CRRS. With the help of high isolation antennas and analog cancellers, the strength of crosstalk interference at the RS is already significantly reduced, paving the way for further digital cancellation. In the literature, various techniques for digital cross-talk cancellation based on the estimation of the coupling channel from the transmit to the receive antenna of the RS have been proposed [5] - [7] . However, all of these techniques require the RS to transmit dedicated pilots, such as the pseudo-noise sequences, for coupling channel estimation, which not only changes the original signal structure of the physical layer but also results in interference at the destination. In practice, crosstalk cancellation at the RS is supposed to be performed in a way completely transparent to the existing wireless standard, i.e., no modifications should be made to the signal structure of the physical layer, to the BS, and to the MS. Therefore, it is desired to develop a new cross-talk cancellation technique without requiring the RS to transmit any dedicated pilots.
The remainder of this paper is organized as follows. In Section II, cross-talk interference at a CRRS is modeled. Then we develop a new cross-talk canceller based on the least square (LS) coupling channel estimation without dedicated pilots in Section III. In Section IV, we develop a minimum mean-square error (MMSE) coupling channel estimator for cross-talk cancellation at a RS with the decode-and-forward mechanism. Then we present numerical and simulation results in Section V. Finally we conclude this paper in Section VI.
II. SYSTEM MODEL AND PROBLEM FORMULATION
Throughout this paper, we assume that the RS is working in a wireless network where OFDM modulation is utilized for broadband transmission. After receiving a whole OFDM symbol 1 , the RS forwards it to the MS or the BS after appropriate processing according to the specific relay mechanism applied. To facilitate analysis, we assume that the duration of the signal processing at the RS is shorter than that of the OFDM cyclic extension. As a result, there is exactly one OFDM symbol delay at the RS and the received OFDM symbol of the RS is a summation of the desired symbol from the source and the cross-talk symbol from itself.
Without loss of generality, we consider an RS equipped with M r receive antennas and M t transmit antennas. Denote K as the total number of OFDM subcarriers, s (n, k) as the M r -dimensional desired signal vector at the RS over the kth (0 ≤ k ≤ K − 1) subcarrier of the nth OFDM symbol, and w (n, k) as the white noise vector independent of s (n, k), then the received signal vector of the RS is given by
where i (n, k) denotes the cross-talk interference vector. Denotex (n − 1, k) as the M t -dimensional transmitted signal vector of the RS, which is a forwarded version of s (n − 1, k), and then i (n, k) is given by
where H c (k) denotes the frequency-domain M r × M t coupling channel matrix over the kth OFDM subcarrier from the transmit to the receive antenna of the RS. Throughout this paper, we model the time-domain coupling channel as a multiple-tap one with the delay of each tap equal to integer OFDM sampling intervals. Suppose the maximum delay of the coupling channel is L OFDM sampling intervals and denote H c,l as the time-domain coupling channel matrix over the lth (0 ≤ l ≤ L − 1) tap, and then i (n, k) can be expressed as
where I Mr denotes the M r × M r identity matrix, ⊗ denotes the Kronecker product [8] , and vec (H c,l ) denotes the vectorization of H c,l formed by stacking the columns of H c,l into a single column vector. Definê
and the composite coupling channel vector as
and then i (n, k) can be expressed as
Further define the KM r × LM r M t overall forwarded signal matrix of the RS aŝ
and then the KM r -dimensional overall cross-talk interference vector in the nth OFDM symbol is given by
Correspondingly, the overall received signal vector of the RS in the nth OFDM symbol is given by
where
and
Based on (10), we define the signal-to-interference ratio (SIR) as SIR =
Ps
Pi and the signal-to-noise ratio (SNR) as SNR =
Pw , where
are the average sum powers of the desired signal vector, the cross-talk interference vector, and the noise vector, respectively. Since the transmit power of the RS is dramatically larger than its received desired signal power, the SIR at the RS is so low that the cross-talk interference must be cancelled before the RS can work properly.
III. CROSS-TALK CANCELLATION BASED ON LEAST SQUARE COUPLING CHANNEL ESTIMATION
Since cross-talk interference at the RS consists of the previously transmitted signal of the RS coupled with the channel from the transmit to the receive antenna, it can be reconstructed and cancelled if the coupling channel state information is available. Therefore, it is natural to perform cross-talk cancellation based on coupling channel estimation. Since the transmit and the receive antennas of the RS are collocated, the coupling channel at the RS is highly static in the sense that it does not change much either across OFDM subcarriers or with time, which greatly facilitates the coupling channel estimation and promises an excellent crosstalk cancellation performance at the RS.
In this paper, we propose a new coupling channel estimation scheme for cross-talk cancellation at the RS, a block diagram of which is shown in Figure 1 . Different from the Principle of cross-talk cancellation based on coupling channel estimation without dedicated pilots.
existing schemes, it does not require the RS to transmit any dedicated pilots. Specifically, we propose to utilize the random forwarded signal of the RS as an equivalent pilot for coupling channel estimation. Without inserting any dedicated pilots, the proposed scheme is especially attractive in practice because, firstly, no modification to the existing signal structure is incurred; secondly, no interference with the destination is caused; and thirdly, an accurate coupling channel estimate can be achieved as time goes by since every transmitted signal of the RS can be utilized as a pilot.
Mathematically, the proposed coupling channel estimation scheme tries to estimate h c from
whereX (n − 1) works as the equivalent pilot matrix and the unknown desired signal, s (n), is regarded as noise just like w (n). Suppose that N recently received OFDM symbols of the RS are utilized to jointly estimate the coupling channel; denote the composite equivalent pilot matrix in the previous N OFDM symbols aŝ
and then the corresponding composite received signal vector of the RS is given by
where i N =X N h c denotes the cross-talk interference and
From (15), we obtain the least square (LS) estimate of h c in the nth OFDM symbol as [9] h c,
Based on the estimated coupling channel, the cross-talk interference at the RS is reconstructed aŝ
and the estimate of the desired signal is obtained by subtractinĝ i (n) from the original received signal, i.e.,
denotes the residual error vector after cross-talk cancellation. Equation (23) indicates that the amplitude of e (n) is independent of the average transmit power of the RS, namely the average amplitude ofX N andX (n − 1), and is also independent of the amplitude of the coupling channel, h c . In other words, the amplitude of the residual error after cross-talk cancellation is independent of the average strength of crosstalk interference at the RS. Based on (22), we define the post-SIR after cross-talk cancellation as
which, according to the above analysis, is independent of the original SIR level before cross-talk cancellation. Intuitively, the specific value of the post-SIR for a given SNR depends on how autocorrelated the coupling channel is in the frequencydomain and in the time-domain; more precisely, it depends on the maximum delay spread of the coupling channel, L, and the maximum number of consecutive OFDM symbols during which the coupling channel remains unchanged, N . As a final remark, cross-talk cancellation based on the LS coupling channel estimation proposed in this section is applicable to a wireless RS with the decode-and-forward (DF), the amplify-and-forward (AF), or any other relay schemes.
IV. COUPLING CHANNEL ESTIMATION AND CROSS-TALK CANCELLATION AT DF-BASED RS
In the last section, we have investigated cross-talk cancellation at a general RS based on the LS coupling channel estimation, which does not require any a priori knowledge on the coupling channel, the desired signal, and the noise. In this section, we will show that, when a DF-based RS is applied, the statistical characteristics of the coupling channel, the desired signal, and the noise can be conveniently utilized not only to 2 Note that e (n) and s (n) are generally statistically correlated because, as indicated in (16), s (n) constitutes 1 N part of s N which works as noise during joint coupling channel estimation in N consecutive OFDM symbols. Since the coupling channel is highly static, N is usually a large number and therefore e (n) is approximately independent of s (n).
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perform the minimum mean-square error (MMSE) coupling channel estimation, but also to analyze the performance of the proposed cross-talk canceller.
Recall that the composite received signal vector of the RS in the previous N OFDM symbols is given by
where s N denotes the desired signal vector andX N denotes the RS's forwarded signal matrix, namely the equivalent pilot matrix for coupling channel estimation. SinceX N is a forwarded version of s N with one OFDM symbol delay, they are generally statistically correlated. However, determining the statistical distribution of s N givenX N is rather difficult since it involves imperfect cross-talk cancellation and desired signal detection at the RS in a noisy environment. As a result, the performance analysis of cross-talk cancellation based on coupling channel estimation at a general RS can not be delivered. However, when the DF scheme and constant power modulation are applied, the statistical correlation between s N andX N disappears. To show this, we will first present the desired signal model in the following.
A. Desired Signal Model
Suppose there are M s transmit antennas at the source station (SS), which may be the BS or the MS. Denote the transmitted signal vector of the SS over the kth subcarrier of the nth OFDM symbol as x (n, k), and the M r × M s channel matrix from the SS to the RS as H r (n, k), and then the corresponding desired signal vector at the RS is given by
Similarly, the overall desired signal vector at the RS in the nth OFDM symbol given in (11) can be expressed as
denotes the frequency-domain block diagonal channel matrix from the SS to the RS in the nth OFDM symbol.
Throughout this section, we assume that the DF scheme is applied at the RS and constant power modulation like multiple phase-shift keying (MPSK) is applied on each OFDM subcarrier. Then it can be shown [10] that s N is statistically independent ofX N when the wireless channel from the SS to the RS is with Rayleigh fading, thus enabling the MMSE coupling channel estimation and the performance analysis of the proposed cross-talk cancellation scheme.
B. MMSE Coupling Channel Estimation
as the correlation matrices of h c , s N , and w N , respectively. For the MMSE coupling channel estimation, R hc is known to the RS. Denote σ 2 w as the white noise power at the RS, and then R w = σ 2 w I NKMr . Since s N is statistically independent of the equivalent pilot matrixX N , R s does not vary withX N . To provide insights with a simple expression for R s , we assume that the transmitted signals of the SS are independent across different transmit antennas, subcarriers, and OFDM symbols with constant unit power, and that the multi-tap time-domain channel from the SS to the RS has independent channel gains over different taps with the M r × M s channel matrix over each tap consisting of independently and identically distributed elements. With these assumptions, it can be shown that R s = M s σ 2 h I NKMr where σ 2 h denotes the average power gain over the channel from the SS to the RS. Then, from (25), we obtain the MMSE estimate of h c in the nth OFDM symbol as [9] 
where F (n) and g (n) are defined in (19) and (20), respectively. The corresponding MSE matrix of estimatê h c,MMSE (n) is given by [9] 
Utilizeĥ c,MMSE (n) for cross-talk cancellation at the RS, and then the corresponding residual error vector is given by
SinceX (n − 1) is exactly known to the RS, the correlation matrix of e MMSE (n) is given by
When the LS coupling channel estimation is applied, the correlation matrix of the residual error vector can be similarly obtained as
where Φ LS (n) is the MSE matrix of estimateĥ c,LS (n), i.e.,
Since the residual error after cross-talk cancellation acts as noise, both R e,MMSE (n) and R e,LS (n) can be utilized to improve the detection of the desired signal at the RS [10] .
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C. Post-SIR after Cross-Talk Cancellation
According to (24), the post-SIR after cross-talk cancellation in the nth OFDM symbol can be expressed as
where tr{·} denotes the trace of a square matrix, R s (n) = E s (n) s H (n) , and R e (n) is given in (33) or (34). According to the desired signal model, R s (n)
we see from (33) and (34) that tr {R e (n)} is generally a function ofX N , the random forwarded signal matrix of the RS in the previous N OFDM symbols. However, it is rather difficult to obtain a closed-form expression for the expectation of tr {R e (n)} with respect toX N . As a result, the average post-SIR at a general DF-based RS can only be evaluated numerically based on (33) or (34).
To further investigate the post-SIR after cross-talk cancellation at a DF-based RS, we consider a special case that there is only one transmit antenna and one receive antenna at both the SS and the RS, i.e., M s = M r = M t = 1. In this case, it can be shown from (4), (5), and (8) that
andX d (n − i) denotes the diagonal forwarded signal matrix of the RS in the (n − i)th OFDM symbol defined aŝ
in whichx (n − i, k) denotes the forwarded signal over the kth subcarrier. Without loss of generality, we assumex (n − i, k) has constant unit power. ThusX d (n − i) is unitary and
Substitute (40) in (33), and then we have
Suppose
where λ l denotes the average power gain over the lth tap of the time-domain coupling channel, and then it can be shown that
Therefore, the post-SIR after cross-talk cancellation based on the MMSE coupling channel estimation can be obtained as
When the LS coupling channel estimation is applied, the corresponding post-SIR can be obtained similarly as
where SNR = . Equation (44) indicates that PostSIR LS is independent of the original SIR level 3 and increases with the SNR. In contrast, PostSIR MMSE increases with both the the original SIR and the SNR. Comparison between (43) and (44) indicates that the MMSE coupling channel estimation achieves a higher post-SIR than the LS estimation. However, the performance gap between them diminishes as the original SIR decreases. When the original SIR is low enough where the MMSE estimation reduces to the LS estimation, they have the same performance. Furthermore, Equations (43) and (44) indicate that, for a given K, both PostSIR MMSE and PostSIR LS increase with N but decrease with L, i.e., the performance of cross-talk cancellation improves as the coupling channel turns more and more autocorrelated in the frequency-domain and in the time-domain.
V. NUMERICAL AND SIMULATION RESULTS
In this section, we present numerical and simulation results to demonstrate the performance of the proposed cross-talk cancellation scheme at an RS with AF or DF mechanism. While the proposed scheme and its performance analysis throughout this paper are applicable to a general multi-input-multi-output (MIMO) relay system, we consider a basic single-input-singleoutput (SISO) one in our simulation where the BS, the RS, and the MS are all equipped with one transmit antenna and one receive antenna. In this system, 16-subcarrier (K = 16) OFDM modulation is utilized for broadband transmission and independent QPSK modulated symbols are loaded on different subcarriers. The maximum delay of the multiple-tap coupling channel at the RS is L OFDM sampling intervals; the channel gains over these taps are with independent Rayleigh fading while their average powers decay with the delay exponentially with the exponent factor one. The coupling channel is jointly estimated from the N recently received OFDM symbols during which the coupling channel remains unchanged. The Rayleigh fading channel between the SS and the RS is simulated as a 4-tap one also with the power decay factor one. Without loss of generality, the SNR at the RS is set to be 40 dB. Figure 2 shows the post-SIR versus SIR curves when L = 2 and N = 4. Both an AF-based RS and a DF-based RS are considered. For an AF-based RS, only the LS coupling channel estimation is applied and the post-SIR after crosstalk cancellation is obtained experimentally. For a DF-based 3 For the single antenna case, it can be shown that SIR = Figure 2 indicates that, whether for an AF-based RS or a DF-based RS, the post-SIR after cross-talk cancellation with the LS coupling channel estimation does not vary with the original SIR level before cross-talk cancellation, which coincides with our analysis. Specifically, the post-SIR is always about 15 dB for both the AF-based RS and the DF-based RS. In other words, when the original SIR is 0 dB, a 15 dB improvement gain is achieved by cross-talk cancellation with the LS coupling channel estimation; when the original SIR is −20 dB, a 35 dB improvement gain is achieved. In contrast, the post-SIR after cross-talk cancellation with the MMSE coupling channel estimation at a DF-based RS increases with the original SIR level. Figure 2 indicates that when the SIR is lower than 0 dB, cross-talk cancellation based on the LS and the MMSE coupling channel estimation achieve almost the same improvement gain; when the SIR is greater than 0 dB but less than 15 dB, the MMSE coupling channel estimation achieves a higher improvement gain than the LS estimation; when the SIR is higher than 15 dB, the MMSE coupling channel estimation still achieves an improvement gain while the LS estimation can not. Figure 3 shows the post-SIR versus L curves at a DF-based RS when SIR = 0 dB, which verifies that the performance of cross-talk cancellation improves as the coupling channel turns more and more autocorrelated in the frequency-domain and in the time-domain. For example, as L decreases from 2 to 1 when N = 4, the improvement gain achieved by crosstalk cancellation increases from 15 to 18 dB; if N increases from 4 to 8, the improvement gain further increases from 18 to 21 dB. Therefore, a higher and higher improvement gain can be achieved by jointly estimating the coupling channel in multiple consecutive OFDM symbols if only the coupling channel remains unchanged during this period of time. 
VI. CONCLUSION
In this paper, we have proposed a new digital crosstalk canceller for a wireless channel-reuse-relay-station. By utilizing the random forwarded signal of the RS as pilots for estimation of the coupling channel from the transmit to the receive antenna, the proposed scheme performs cross-talk reconstruction and cancellation without requiring the RS to transmit any dedicated pilots. While the LS coupling channel estimation is applicable to an RS with any relay mechanism, the MMSE coupling channel estimation can be applied to a DF-based RS when constant power modulation is utilized. Both analytical and numerical results have demonstrated the performance of the proposed cross-talk canceller.
